Transdermal drug delivery can avoid first-pass metabolism, which is the greatest disadvantage of oral administration. However, the percutaneous absorption of drugs with a high molecular weight and hydrophilic properties is not sufficient due to the barrier function of the skin. To enhance the absorption, several investigations using vehicles, 1,2) chemical enhancers, [3] [4] [5] [6] iontophoresis, 7-9) electroporation 10,11) and phonophoresis 12, 13) have been performed. We have focused on iontophoresis in terms of the enhancement of the amount of drug delivered by current with low skin irritation. In a previous study, we predicted that the amount of drug that migrated in the skin was determined by a synergistic effect of both current application and enhanced passive diffusion due to the reduction in barrier function.
Transdermal drug delivery can avoid first-pass metabolism, which is the greatest disadvantage of oral administration. However, the percutaneous absorption of drugs with a high molecular weight and hydrophilic properties is not sufficient due to the barrier function of the skin. To enhance the absorption, several investigations using vehicles, 1, 2) chemical enhancers, [3] [4] [5] [6] iontophoresis, [7] [8] [9] electroporation 10, 11) and phonophoresis 12, 13) have been performed. We have focused on iontophoresis in terms of the enhancement of the amount of drug delivered by current with low skin irritation. In a previous study, we predicted that the amount of drug that migrated in the skin was determined by a synergistic effect of both current application and enhanced passive diffusion due to the reduction in barrier function. 14) The prediction was proved by the measurement of the distribution using indomethacin as a model drug. 15) In these studies, the accumulation of drug in the stratum corneum contributed to enhanced passive diffusion due to the reduction in barrier function. On the other hand, the accumulation from dermis to upper dermis was attributed to a passage of current. Further, a novel method for analyzing the reduction in barrier function under constant voltage was proposed. 16) With this method, the barrier function was defined as resistance, which represented the sum of exponential functions of surface and skin resistance. In addition, the evaluation was carried out using the initial value and rate constant of the surface resistance. Using this method, effects of conductivity in the adhesive pad, voltage, the distance between electrodes and electrode area on the barrier function were evaluated. Furthermore, the influence of a pulsed direct current, which could prevent skin polarization and irritation was investigated. 17) The reduction in barrier function brought about by the application of sine and rectangular waveforms with a 75% duty cycle was almost the same as that caused by the application of direct current. Considering the skin polarization, the pulsed currents were more suitable.
In the evaluation of changing electrode area, 16) although the initial value of surface resistance increased with increasing electrode area, no change of rate constant was observed. The rate constant showed the damping of the surface resistance, i.e., the barrier function. These phenomena contributed to the higher current density in the portion adjacent to the other electrode. Therefore, we investigated the electrode disposition and shape considering the reduction in barrier function as well as effective delivery of drugs into the skin. Similar results were reported by Haga et al. 18) They prepared electrodes with different boundary lengths using a photoeching technique, and then observed the skin distribution of 6-carboxyfluorescein (6-CF) under constant voltage. In that paper, the topical distribution of 6-CF in the skin was recognized in both boundary portions, i.e., the portion adjacent to the other electrode. They suggested that it was important to lengthen the boundary of electrodes for effective delivery of drugs to the skin. Lai et al. compared the effect of distance between electrodes on the distribution of sodium, ethanolamine and lidocaine. 19) They found that the concentration in skin decreased in an exponential manner with the distance between electrodes. These results suggested that the distance significantly affected the current pass, i.e., drug delivery to the skin.
These reports showed that the boundary length and the distance between electrodes were important factors for iontophoretic transdermal delivery systems. In addition, both factors had a close relation to the reduction in barrier function. However, Haga et al. could not evaluate the effect of boundary length accurately because the electrode area changed with the boundary length. The results reported by Lai et al. did not reflect the barrier function in skin in detail since measurements were made every 1 cm between electrodes. Thus, an accurate evaluation of both factors is needed.
In this study, effects of electrode distance, boundary length and shape were evaluated using the previously proposed method. 16) To evaluate the effect of distance between elec-
The objective of this study was to propose a suitable electrode disposition and shape for iontophoretic drug delivery systems in consideration of a reduction in skin barrier function and a distribution of current density. The reduction in barrier function was evaluated with our proposed method, which measured the resistance in the short term. The distribution was estimated using an electromagnetic waves analysis program. Using rectangular electrodes, effects of distance between electrodes and boundary length of the electrode on the barrier function were examined. A distance of 2 mm decreased the barrier function effectively. The barrier function was reduced with increasing electrode boundary length. Furthermore, a surrounded square type electrode was more effective in the reduction of barrier function than a paired square type. With respect to the surrounded type electrodes, both square and circle types decreased the barrier function. However, percutaneous absorption using the circle type electrode was greater than with the square type. These phenomena are attributed to not only the electrode boundary length but also the homogeneous distribution of current density. Therefore, the surrounded circle type electrode was suitable for iontophoretic transdermal drug delivery systems.
trodes and boundary length of electrodes on the barrier function in the skin, rectangular electrodes (paired type) were used because the distance was constant between them. As for electrode shape, a comparison of paired and surrounded types (rectangular shape) was performed with the same distance between electrodes and electrode area. In addition to the surrounded type electrodes, square and circle shapes were examined under the conditions mentioned above. The distribution of current density was estimated using an electromagnetic waves analysis program. In addition, the percutaneous absorption of indomethacin was evaluated in rats in vivo. Finally, a suitable electrode disposition and shape were proposed for iontophoretic drug delivery systems.
MATERIALS AND METHODS

Materials and Animals
Indomethacin was purchased from SIGMA (St. Louis, MO, U.S.A.). N-Vinyl acetamide sodium acrylate copolymer (PNVA) was purchased from Showa Denko K. K. (Tokyo, Japan). The PNVA was a white powder with a molecular weight of about 2300000 (numberaverage molecular weight; M n ), 2600000 (weight-average molecular weight; M w ) or 3000000 (z-average molecular weight; M z ). All other chemicals were of analytical grade obtained from dealers. Silver and silver chloride electrodes (Ionview) were bought from ADVANCE Co., Ltd. (Tokyo, Japan). Male Wistar rats (8 weeks old, 200 g) were purchased from Charles River Japan, Inc. (Tokyo, Japan).
Preparation of Adhesive Pads Sodium chloride (0.2 g), tartaric acid (0.2 g) and carrageenan (0.5 g) were dissolved in purified water (50 g) at 50°C (water phase). Meanwhile, anhydrous aluminum hydroxide gel (0.4 g), hydroxypropylcellulose (3 g) and PNVA (10 g) were suspended in polyethylene glycol 400 (30 g) at room temperature (oil phase). After the water phase had cooled to room temperature, the oil phase was added. Total weight was adjusted to 100 g by adding purified water. The mixture was shaken using a mixer (HIVIS-MIX, Tokushukika Kogyo Co., Ltd., Osaka, Japan) at a combination of 40 rpm (revolution) and 80 rpm (rotation) for 10 min. The mixture was rolled 750 mm thick between polyethylene liners, the surface of which was processed with silicone, using a roller machine (Ikeda Machine Industry Co., Ltd., Osaka, Japan). After the rolling, the liner on one side was peeled away. The silver and silver chloride electrodes were then installed on the mixture. The mixture was cut to arbitrary shapes (rectangle and circle) with the electrode and liner. The electrodes were supported by MESH PORE (NICHIBAN Co., LTD., Tokyo, Japan) at an arbitrary distance. Thus, adhesive pads for the measurement of resistance were prepared. For transdermal delivery in vivo, donor pads were prepared similarly except that for sodium chloride, indomethacin was used (1 g). Receptor pads were prepared the same as for the measurement of resistance.
Measurement of Resistance in Vivo
The rats were anesthetized with an intraperitoneal injection of pentobarbital (0.05 mg/g) and their abdominal hair was clipped. Two adhesive pads were applied to the abdominal skin. The Ag (anode) and AgCl (cathode) electrodes were connected to a DC voltage current generator (Type 7651, Yokogawa Electric Co., Ltd., Tokyo, Japan) as shown in Fig. 1 . The experiments were carried out at a constant voltage. The voltage and current were measured with an oscillographic recorder (Type OR-100, Yokogawa Electric Co., Ltd., Tokyo, Japan) at intervals of 125 ms for 10 s. The data were transformed to Microsoft Excel 97 for windows using Handy OR Application (Yokogawa Electric Co., Ltd., Tokyo, Japan). Each resistance at intervals of 125 ms was calculated according to Ohm's law using Microsoft Excel 97 for windows. The above mentioned time-resistance data were fitted to an equation, which consisted of the exponential function of the surface and skin resistance.
16) The fitting program used was a non-linear approximation program, MULTI. Furthermore, the initial value and the rate constant of the surface resistance were calculated.
Evaluation of Current Density Distribution The current density distribution of donor electrodes was carried out using an electromagnetic waves analysis program, JMAGStudio (The Japan Research Institute, Limited, Tokyo, Japan). The evaluations were performed under a homogeneous field, i.e., air.
Transdermal Delivery in Vivo The rats were anesthetized and clipped as for the measurement of resistance. Two adhesive pads, which contained indomethacin (cathode) and sodium chloride (anode), were placed on the abdominal skin. The experiments were carried out at 3 V for 60 min. Blood samples were collected at an appropriate period and centrifuged at 3000 rpm for 10 min. The plasma samples (0.5 ml) were analyzed by HPLC as described in a previous study.
14) Furthermore, the AUC was calculated by the trapezoidal method.
RESULTS AND DISCUSSION
Effect of the Distance between Electrodes
In a previous study, 16) we reported that the reduction in barrier function changed with the distance between electrodes. Similar results were obtained by Lai et al. 19) However, a strict examination was necessary because a circular electrode (paired type) was used. In addition, these investigations were performed by changing the distance in 1 cm intervals. In this study, a rectangular shape, which had a constant distance between electrodes, was used to evaluate the influence of the distance between electrodes (1 mm order) at 3 V (Fig. 2) . A constant voltage was used because the proposed method 16) was based on such conditions. This voltage was selected to evaluate the initial value (0-4 kW as the measurement range) and the rate constant (0-4 s Ϫ1 as the measurement range) of the surface resistance as with the previous studies. 16, 17) The resistance-time profiles are shown in Fig. 3 . The resistance dropped remarkably within 2 s and gradually thereafter. In addition, conditions were almost of a steady-state at 10 s. Therefore, we analyzed the reduction in skin barrier function for 10 s using the proposed method.
16) The initial value and the rate constant were calculated as shown in Fig. 4 . In Fig.  4 , the change of resistance-time profiles was represented both by the initial value (᭹) and by the rate constant (᭺) of the surface resistance. The initial value showed the initial resistance while the rate constant indicated the degree of damping. Although the initial value at distances within 2 mm was significantly low, it was increased at distances over 2 mm. On the other hand, the rate constant was almost the same in the range from 1 to 5 mm. These results suggested that a distance between electrodes of less than 1 cm was important to decrease the reduction in barrier function effectively. Furthermore, a distance within 2 mm was suitable since the initial values were significantly low. When the distance is extremely short (within 2 mm), the barrier function is slightly reduced because the current mainly passes through the stratum corneum. Considering the above mentioned results and manufacture of iontophoretic transdermal delivery systems, we selected 2 mm as a suitable distance between electrodes.
Effect of Electrode Boundary Length Haga et al. suggested that the boundary length of electrodes was an important factor to enhance the migration of a drug by iontophoresis. 18) This contributed to the higher current density in the boundary portion of electrodes. In a previous study, 16) we reported similar phenomena since the rate constant remained almost the same while the electrode area increased. To clarify the effect of boundary length, experiments were carried out using the rectangular electrode shown in Fig. 5 with the same electrode distance and area.
The experiments were carried out at 6 V for 10 s. Although the resistance within 4 s decreased with increasing boundary length, it was almost the same thereafter (data not shown). These results were analyzed in detail using our proposed method (Fig. 6) . The initial value at more than 2 cm decreased with increasing boundary length. In contrast, the rate constant increased with increasing boundary length. Thus, the reduction in barrier function contributed to boundary length. To reduce the barrier function effectively, it was important to lengthen the boundary.
These phenomena explained why the resistance decreased with increasing boundary length using an equivalent circuit described previously.
16) The total resistance, Rt, was represented as follows:
where R SU and R SK represent the surface and skin resistance, The electrode area and distance of electrodes is 4 cmrespectively. R SU is constant due to the same electrode area. Furthermore, R SK varies with the boundary length of electrodes and is given by (2) where Ra is skin resistance per unit boundary length. Eq. 2 is based on the assumption that the skin resistance was constant between electrodes. Finally, Eq. 2 was represented by Eq. 3 (3) where n is total boundary length. Thus, Rt decreased with increasing boundary length. Effect of Electrode Shape Usually, a rectangular or circular electrode (paired type) is used in iontophoretic transdermal delivery systems. However, considering the lengthening of the boundary in addition to the distribution of current density, the use of a surrounded type electrode, i.e., a donor or a receptor disposed of in a receptor or donor with insulating space, was suitable. For the purpose of evaluating the electrode disposition and shape, the paired type (square) and the surrounded type electrodes (square and circle) were used as shown in Fig. 7 . The boundary lengths (donor portion) of the paired square type, the surrounded square type and the surrounded circle type were 2.0, 8.0 and 6.9 cm, respectively.
With respect to the distribution of relative current density, evaluations in a donor were performed (Fig. 8) . The paired type electrode showed a topical distribution adjacent to a receptor. On the other hand, the current density using the surrounded square type electrode distributed to all portions in the donor. As regards the surrounded type electrode, the distribution using the circle type was significantly more homogeneous than that using the square type. The homogeneous distribution was related to the angle numbers of the polygon. The circle was considered a polygon with infinite angle numbers. As mentioned above, to select the most suitable electrode shape for iontophoretic transdermal delivery systems, consideration of the boundary length of the electrode and the distribution of current density was required. We evaluated the barrier function using the proposed method, and compared the percutaneous absorption of indomethacin.
The experiments to evaluate the reduction in barrier function were carried out at 6 V for 10 s. As for the comparison between the paired type and surrounded type (square electrode shape), the surrounded electrode showed a significantly lower initial value as shown in Fig. 9 . These results contributed to the boundary length, which for the surrounded electrode was 3.45-4 times longer than that of the paired type. With respect to the surrounded type electrode, the square type as well as the circle type showed almost the same values.
As regards the percutaneous absorption of indomethacin, a comparison of the AUC for 60 min is made in Fig. 10 . Transdermal delivery in vivo was carried out at 3 V to avoid skin irritation and burning. This was because irritation and burning were reported to be induced at a current density of more than 0.5 mA/cm 2 20) and a total current of more than 30 mA · min. 21) In terms of the AUC, the electrodes ranked in the order of surrounded circle type, surrounded square type and paired square type. These results suggested that the amount of drug that migrated contributed to the boundary length in addition to the distribution of current density. In addition, the surrounded circle type electrode was most suitable The electrode area and the distance between electrodes is 4 cm 2 and 2 mm, respectively. Fig. 8 . Evaluations of the Distribution of Relative Current Density in a Donor for iontophoretic transdermal delivery systems. This is because drugs in the donor migrated effectively due to the homogeneous current density distribution. Thus, the current increases due to the reduction in resistance. The total current for 60 min was 27.8 mA · min using the circle type electrode while it was 22.6 mA · min using the square type.
CONCLUSION
For a view of the reduction in skin barrier function and the distribution of current density, a suitable electrode disposition and shape were investigated. Using the paired rectangular type electrode, a distance of less than 2 mm reduced the barrier function effectively. Considering the manufacture of iontophoretic transdermal delivery systems, a distance of 2 mm was selected. The barrier function declined with increasing boundary length of the electrode. These phenomena were explained theoretically using an equivalent circuit. The surrounded circle type electrode showed the greatest iontophoretic transdermal delivery of indomethacin. Thus, although the reduction in barrier function depended on the boundary length, the percutaneous absorption related to not only the boundary length but also the distribution of current density. In conclusion, the surrounded circle type electrode was selected as the most suitable electrode shape. Iontophoretic transdermal delivery systems have been investigated for enhancing transdermal delivery. Using the surrounded circle type electrode, the percutaneous absorption of drugs will be enhanced. Furthermore, this system can be developed in various directions. 
